We present an on-the-fly classical trajectory study of the Cl + CH4  HCl + CH3 reaction using a specific reaction parameter (SRP) AM1 Hamiltonian that was previously optimized for the Cl + 
I. Introduction
The abstraction of an H atom from CH4 by a Cl atom, and the reverse reaction of CH3 radicals with HCl, are now firmly established as benchmark systems for study of the dynamics of chemical reactions of polyatomic molecules. 1 Over more than a decade, experiments have examined phenomena exhibited by these reactions such as quantum-state specific angular scattering, 2, 3 mode and bond-specific chemistry, 2, 4-9 dynamical stereochemistry, 5 non-adiabaticity, [10] [11] [12] [13] and scattering resonances.
14 Theoretical investigations stimulated by the wealth of experimental data have included generation of semi-empirical [15] [16] [17] [18] and ab initio [18] [19] [20] potential energy surfaces (PESs) and computation of reactive scattering by quasi-classical trajectory (QCT) 15, 16, 21 or quantum mechanical (QM) scattering methods. 18, [22] [23] [24] [25] Very recently, QM scattering calculations have been performed that incorporate non-adiabatic dynamics on three coupled PESs. 26 In many of the computational studies, the number of degrees of freedom is reduced from the full dimensionality of the 6-atom Cl + CH4  HCl + CH3 reaction. PESs that encompass all the degrees of freedom have, however, been reported, including hypersurfaces derived from fits to ab initio points of LEPS (London-Eyring-Polanyi-Sato) functions augmented by bending potential terms. 15, 18, 27 A first accurate, fully dimensional ab initio PES was generated by Castillo et al. 20 using the iterative interpolation method of Collins and coworkers, [28] [29] [30] [31] and was subsequently employed for QCT calculations. In this latter study, QCISD electronic structure calculations were carried out with an aug-cc-pVDZ basis set, and the scaling all correlations method 32, 33 was used to correct inaccuracies of the applied level of theory to reduce the computed barrier height.
To avoid computation of a global PES for studies of the mechanisms of reactions of polyatomic molecules such as methane, an alternative approach is to propagate direct dynamics trajectories with on-the-fly computation of potential energies and gradients. This strategy has already proved successful for the Cl + CH4 reaction, with Troya and Weiss demonstrating the use of reparameterized semi-empirical Hamiltonians to study the scattering dynamics with incorporation of all degrees of freedom. 16 The optimization of the parameters of a semi-empirical Hamiltonian, typically by fitting to energies computed by high-level electronic structure calculations at selected molecular geometries, has been employed for the study of a number of chemical reactions. 16, [34] [35] [36] [37] This specific reaction parameter (SRP) approach enables trajectories to be propagated in direct dynamics calculations with lower computational demand at each step of the trajectory than would be required for energy calculations using methods based on ab initio computation (e.g. Hartree-Fock approaches) or density functional theory (DFT). Propagation of batches of trajectories in sufficient numbers for statistical sampling of the initial conditions and averaging of final outcomes therefore becomes tractable for reactions as complicated as that of Cl atoms with CH4, without the need to impose constraints such as initiation of reactions at the transition state (TS) geometry. 38 Here, we examine how successfully an SRP Hamiltonian optimized for one particular reaction can be applied to the study of another related but distinct chemical reaction. In so doing, we evaluate a possible strategy to by-pass calculation of specific global PESs for every individual reaction. We previously reported use of an SRP-AM1 Hamiltonian for the study of the reaction Cl + C2H6  HCl + C2H5 in which the reaction parameters were fitted to ab initio energies computed at the CCSD(T)/aug-cc-pVDZ level for numerous geometries, most of which were selected to cover the region of the PES in proximity to the intrinsic reaction coordinate (IRC). 35, 36 that is late on the reaction coordinate. In contrast, the Cl + CH4 reaction that is the subject of the current study has a late barrier of ~11.3 kJ mol -1 (and thus a thermal rate constant that is ~600 times smaller at 298 K than for the Cl + C2H6 reaction), and the reaction is endothermic by +7.60.4 kJ mol -
1
. Despite these differences, we demonstrate that the use of an SRP-AM1 Hamiltonian optimized for reaction of Cl atoms with ethane can also be successfully employed for QCT calculations that describe well the dynamics of the Cl + CH4 reaction. We compare the performance of the SRP-AM1
Hamiltonian with the previously employed re-parameterizations of AM1, PM3 and MSINDO Hamiltonians by Troya and Weiss for this same reaction.
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II. Theoretical and Computational Methods
The method employed to fit the parameters of the AM1 Hamiltonian for our prior investigation of the Cl + C2H6 reaction (and here employed for the Cl + CH4 reaction without further modification) has been described in detail elsewhere, 35, 36 and only a brief review is presented here. The stationary points of the Cl + C2H6 reaction (reagents, pre-TS complex, TS, post-TS complex and products) were characterized using MP2/aug-cc-pVDZ optimized geometries and CCSD(T) energies extrapolated to the complete basis limit, giving results within 4 kJ mol -1 of experimental values. The IRC was mapped by scanning the Cl-HCH2CH3 distance on the approach to the TS and the ClH-CH2CH3 distance following passage through the TS, with geometries optimized at the MP2/aug-cc-pVDZ level and energies calculated with the CCSD(T)/aug-cc-pVDZ method. Values of the specific reaction parameters of the AM1 Hamiltonian were then obtained in a fitting procedure which minimized the energy difference between the ab initio and the equivalent SRP-AM1 points. 35, 36 The suitability of using the SRP-AM1 Hamiltonian developed for the Cl + ethane reaction to model the Cl + CH4  HCl + CH3 reaction can be assessed by comparing the energetics for the latter reaction, calculated with the SRP-AM1 Hamiltonian, to outcomes for previously derived SRP Hamiltonians and high level ab initio calculations, as well as experimental data, as shown in Table I .
The SRP-AM1 reaction energy is within ~2.5 kJ mol -1 of the experimental value, an improvement upon the previous SRP-MSINDO 16 and QCISD-SAC/aug-cc-pvdz 20 methods. The barrier height is within 0.7 kJ mol -1 of best high level calculations and the activation energy from Arrhenius analysis of the temperature dependence of the rate coefficients. 39 The computed geometry of the SRP-AM1 TS, shown in Table II , has bond lengths within 0.02 Å, and angles within 1.1° of CCSD(T) and QCISD-SAC calculations. Table III 
III. Trajectory Calculations
IIIA: Initial Conditions Sampling
Sampling of initial conditions was carried out using a version of the VENUS dynamics package 41, 42 modified to interface with arbitrary electronic structure theory packages. For this work, VENUS was interfaced with a modified version of GAMESS-US 43 in which energy and gradient evaluations are available using the SRP-AM1 Hamiltonian. Initial coordinates and momenta for methane having zero-point motion were selected using a classical random phase approximation and microcanonical normal mode sampling, 44 in which all methane normal mode quantum numbers were set to v = 0.
The relative translational energy between the Cl and CH4 fragments was chosen to be 15.4 kJ mol -1
, to be comparable with previous experimental 45 and theoretical 16 studies of this reaction. The rotational energy of CH4 was set to zero, and its initial orientation was determined by random rotation in the molecular centre-of-mass (COM) Eckart frame. Trajectories were initialized with a 5.5
Å COM separation between the CH4 and Cl fragments and an impact parameter, b, randomly chosen between 0 and 3 Å, beyond which the reaction probability was negligible (as is discussed below).
The initial coordinates and momenta generated using the VENUS-GAMESS-US interface were then passed to the GAMESS-US program, with which energy gradients along all coordinates at each time step were calculated on-the-fly employing the SRP-AM1 Hamiltonian within the dynamic-reactioncoordinate (DRC) function. 46 Integration of the classical equations of motion was undertaken with a time step of 0.05 fs until the termination criterion, a C atom -Cl atom separation of 7Å, was reached. This integration typically required 8000-12000 time steps. The DRC function ensures total energy conservation for each trajectory to better than 0.13 kJ mol -1
.
IIIB: Analysis of trajectories
Trajectories were analyzed using atomic coordinates and momenta provided by the DRC function, from which experimentally comparable observables could be determined. Analysis of product scattering angles (the scattering angle,  is defined as that between the velocity vectors of reagent Cl and product HCl in the COM frame), the translational energy of the products, and the internal energy of HCl were carried out as reported in our previous paper. 36 Our analysis of the internal energy of the radical product (CH3), however, incorporates additional calculation of the energy disposal into the normal modes of CH3. For the reactive trajectories, energy disposal in the nascent CH3 was determined by projecting its space-fixed cartesian velocities, ) (t q  , and coordinates, ) (t q , onto the 3N translational, rotational, and vibrational degrees of freedom of CH3 in its SRP-AM1 COM frame equilibrium geometry,
. In order to carry out this analysis, the nascent CH3 was translated to its COM frame, and the least squares difference between the mass weighted coordinates of the nascent CH3 and that of equilibrium CH3 was minimized using singular value decomposition. This operation places the rovibrationally hot CH3 into the Eckart frame of the equilibrium CH3, thereby minimizing rovibrational Coriolis coupling in the nascent CH3.
47-50 The projection of the Cartesian coordinates and velocities into the translational, rotational, and vibrational displacements of the equilibrium geometry was then accomplished via the following relationships: Total vibrational mode energies in the nascent CH3 were obtained by using a harmonic approximation to determine the potential energy in each mode from Q(t), and adding it to the kinetic energy in each mode, determined from ) (t Q  . The reported energies were obtained by averaging over the final 3000 steps of each reactive trajectory. Classical quantization of vibrational and rotational motion was achieved by dividing by the energy of a vibrational quantum of the respective mode, and rounding to the nearest integer value.
IV. Results and discussion
Of the 45,000 trajectories calculated, 2930 were reactive, corresponding to a success rate of only ~6% as a consequence of the low collision energy. Classical mechanics does not rigorously conserve ZPE, so that products may be formed with internal energies below the nominal zero-point level.
After applying a passive ZPE leakage correction to accept radical products with internal energies that lie above a threshold chosen to be 5.4 kJ mol -1 below the ZPE level (an amount that we consider to be of acceptable chemical accuracy), only 751 successful reactive trajectories remained. Previous QCT calculations of the reaction of Cl atoms with methane 15 and with ethane 35, 36 showed evidence for a chattering mechanism in which the light H atom moves repeatedly between the C and Cl atoms before forming products. All reactive trajectories were analysed for signatures of chattering 35 and a total of 154 trajectories showed this behaviour, 59 of which satisfied the above-mentioned criterion for sufficient ZPE in the products.
The calculated differential cross section (DCS) for the title reaction at a collision energy of 15.3 kJ mol -1 is shown in Figure 2 where trajectories leading to ground-state methyl products, CH3(v=0), and umbrella-excited methyl, CH3(2 > 0), are compared to the experimental data of Liu and co-workers for the Cl + CH4  CH3(v=0) + HCl reaction at a slightly higher mean collision energy of 17.2 kJ mol -
1
. 55 The shapes of the calculated CH3(v=0), and experimental DCSs are qualitatively similar, with both demonstrating scattering predominantly in the backward and sideways directions. However, the calculated DCS shows a slightly greater propensity for forward scattering, with a peak at ~80˚, in contrast with the experiments, for which the DCS peaks at ~100˚ and cuts off between 90 and 60°.
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Similar scattering behaviour was observed in previous calculations for the title reaction using the SRP-MSINDO Hamiltonian, and our DCS is in very good agreement with the one computed in that study. 16 The rise in scattering probability at low scattering angles was also observed in trajectories calculated on the QCISD-SAC PES, 20 however these trajectories did not show the reduction in scattering probability in the backwards scattering region that is observed in both the experimental and our SRP-AM1 calculations. A simple line-of-centres model 56 predicts a cut-off in the DCS for angles below 125° at the current collision energy, which is greater than observed both experimentally and in the QCT calculations. The greater forward scattering observed in the QCT calculations cannot be attributed to the barrier height on the PES because the value for the SRP-AM1 Hamiltonian is within 0.7 kJ mol -1 of the best ab initio calculations, and the experimentally derived activation energy value ( Table I) . There is very little difference between the DCSs produced by analysing all reactive trajectories and by restricting analysis to those that meet criteria for product ZPE. The violation of ZPE conservation has most significance for the more backwards scattered trajectories.
Analysis of total kinetic energy release (TKER) demonstrates that energy lost from the internal modes of trajectories which violate ZPE conservation is channelled into product translation.
Comparing TKER distributions for trajectories that satisfy the ZPE criterion we observe the following:
sideways and backward scattering regions (here we choose sideways to indicate the angular range =60-120˚, and backward to encompass =120-180˚) exhibit nearly identical TKER distributions, whereas the forward scattering region (here taken to be =0-60˚) shows distinctly less translational energy release in the products. The disparity in TKER between the forwards and sideways-backward regions results from the excitation of at least 1 quantum of the methyl product umbrella stretching mode (CH3(2)); indeed, trajectories that exhibit scattering angles below 60° have a greater proportion with 2 > 0 when compared with other scattering ranges.
The DCS shown in Figure 2 for the trajectories that result in umbrella mode excitation is broader than that for ground state products and shows a small shift away from backward scattering towards the forwards direction. There has been no experimental measurement of the DCS for umbrella mode excited CH3 products, however our calculations do behave in a similar manner to DCSs reported for an experimental study of the related reaction O( The opacity function, shown in Figure 3 , exhibits an even probability of reaction up to b  1.875 Å where it decreases to a cut off at bmax  2.75 Å. This limit to the distribution can easily be understood in terms of the TS structure which has a C-Cl distance of 2.85 Å. The opacity function shows the same sharp cut off at high impact parameter as was found in previous studies that employed the SRP-MSINDO methodology 16 and QCISD-SAC PES. the distribution down to JHCl=3, but this remains higher than the experimental peak of JHCl=1. The vibrational energy distribution of the methyl products is shown in Figure 5 ; the four panels show the excitation of the four vibrational modes of the methyl, calculated as described in section IIIB. These modes, denoted as 1-4, correspond to the symmetric stretch, the umbrella bend, the asymmetric stretch and the scissor bend, respectively and their frequencies are listed in Table III . For trajectories that satisfy the ZPE criterion both the symmetric and asymmetric stretches show no vibrational excitation (as is expected on energy conservation grounds), in contrast to the lower frequency bending modes: the scissor bend shows some modest excitation to v4=1, while the umbrella mode is excited in 29% of trajectories, with up to 3 quanta being populated. The vibrational excitation of the chattering trajectories displays the same distribution as the nonchattering trajectories, showing no sign of the enhanced internal energies suggested previously. 58 Some degree of the excitation of the umbrella mode is expected from geometric arguments, because prompt abstraction of an H atom from methane would leave the CH3 group in the tetrahedral geometry displaced along the umbrella mode from its D3h equilibrium structure. As was noted earlier the DCS for umbrella mode excited trajectories is shifted slightly towards the forwards region compared with ground state products.
V. Conclusions
Quasiclassical trajectories have been calculated on-the-fly for the Cl + CH4  CH3 + HCl reaction using a SRP-AM1 Hamiltonian to describe the PES that was previously optimized for a trajectory study of the related Cl + ethane reaction. The successful application of the specific reaction parameters developed for one reaction to a related, but in some respects significantly different, reaction encourages the possibility of using optimized SRPs for efficient calculation of trajectories for a family of reactions with similar features. Outcomes of our QCT calculations compare favourably with previous classical trajectory calculations on the Cl + CH4 reaction. There is broad agreement between the experimental and theoretical DCSs, though with greater forward scatter in the calculated differential cross section than is reported from crossed beam experiments. Normal mode energy analysis of the methyl radical product reveals no excitation in the stretching modes, but excitation of up to 3 quanta of the umbrella bend is observed, and trajectories with this excitation are more prevalent in the forwards scattering direction. The HCl rotational distribution is however hotter than that measured experimentally. . Black squares and circles indicate: all reactive trajectories, and those that meet the criterion for radical product ZPE, respectively. 
Tables
